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We investigate the effects of chiral NNLO three-nucleon force (3NF) on nucleus-nucleus elastic scattering,
using a standard prescription based on the Brueckner-Hartree-Fock method and the g-matrix folding model.
The g-matrix calculated in nuclear matter from the chiral N3LO two-nucleon forces (2NF) is close to that
from the Bonn-B 2NF. Because the Melbourne group have already developed a practical g-matrix interaction
by localizing the nonlocal g-matrix calculated from the Bonn-B 2NF, we consider the effects of chiral 3NF,
in this first attempt to study the 3NF effects, by modifying the local Melbourne g-matrix according to the
difference between the g-matrices of the chiral 2NF and 2NF+3NF. For nucleus-nucleus elastic scattering, the
3NF corrections make the folding potential less attractive and more absorptive. The latter novel effect is due
to the enhanced tensor correlations in triplet channels. These changes reduce the differential cross section at
the middle and large angles, improving the agreement with the experimental data for 16O-16O scattering at 70
MeV/nucleon and 12C-12C scattering at 85 MeV/nucleon.
PACS numbers: 21.30.Fe, 24.10.Ht, 25.70.Bc
Introduction. How important are three-nucleon forces
(3NFs) in nuclear physics? This is one of the most impor-
tant issues. This long-standing subject started with the 2pi-
exchange 3NF proposed by Fujita and Miyazawa [1]. For light
nuclei, attractive 3NFs were introduced to reproduce the bind-
ing energies [2]. In symmetric nuclear matter, meanwhile, re-
pulsive 3NFs were introduced to explain empirical saturation
properties; for example see Refs. [3–6].
It is quite hard to determine 2NF and 3NF phenomenolog-
ically. This problem can be solved by chiral effective field
theory (Ch-EFT) [7–10], since the theory systematically or-
ganizes interactions among nucleons. The roles of chiral 3NF
was recently analyzed in light nuclei [11–14]. For symmetric
nuclear matter, the g-matrix calculated from chiral N3LO 2NF
plus NNLO 3NF [7, 9] well explain the empirical saturation
properties with no adjustable parameter [15–18]. Scattering
and reaction phenomena are important processes to explore
3NF effects.
Microscopic understanding of nucleon-nucleus and
nucleus-nucleus scattering is another important subject in
nuclear physics. The standard method of describing the
scattering is the g-matrix folding model [19–24] with the
local-density approximation. In the framework, the 3NF ef-
fects appear through the density dependence of the g-matrix.
The CEG07 g-matrix is constructed from the 2NF based on
the extended soft core model [25, 26] and 3NF effects are
empirically taken into account by introducing the density-
dependent vector-meson mass that reproduces empirical
saturation properties of symmetric nuclear matter [27–29]. In
the g-matrix calculation of Ref. [30], meanwhile, phenomeno-
logical 3NFs such as Urbana IX [31] and the three-nucleon
interaction model [32, 33] are added to AV18 2NF [34].
Since these phenomenological 3NFs are also introduced to
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reproduce saturation properties of symmetric nuclear matter,
they make the g-matrix less attractive and less absorptive at
densities (ρ) higher than the normal density ρ0. The 3NF
effects then reduce the folding potential U(R) particularly at
small distances (R). For nucleus-nucleus elastic scattering,
the 3NF effects are remarkable particularly at the middle and
large angles where projectile and target densities are largely
overlapped, although the strength of the imaginary part of
U(R) is adjusted to reproduce the experimental data in the
analyses [29]. The question to be addressed now is how
the effects of chiral 3NF appear in nucleus-nucleus elastic
scattering.
In this Rapid Communication, we investigate the effects
of chiral NNLO 3NF on nucleus-nucleus scattering, using
the Brueckner-Hartree-Fock (BHF) method for nuclear matter
and the g-matrix folding model for the scattering. In the nu-
clear matter calculations, furthermore, 3NFs are treated with
the mean field approximation [32, 35–37], i.e., by averag-
ing 3NFs over the third nucleon in the Fermi sea, since it
is quite hard to treat three-body correlations in nuclear mat-
ter. This approximation is considered to be good for the low
transferred-momentum components of the g-matrix. We then
present the following simple prescription, as the first estimate
of chiral-3NF effects on nucleus-nucleus scattering.
For nuclear matter, the single-particle potential U is deter-
mined from the diagonal component of the g-matrix. The
U calculated from chiral 2NF is close to that from Bonn-B
2NF [38]. Hence, the effects of chiral 3NF can be expressed
with the ratio of the U calculated from chiral 2NF+3NF
to that from Bonn-B 2NF. For finite nuclei, the Melbourne
group already presents a practical g-matrix interaction by
localizing the nonlocal g-matrix calculated from Bonn-B
2NF [23]. The Melbourne g-matrix is highly reliable for
nucleon-nucleus scattering where the 3NF effects are consid-
ered to be small [30], since the folding potential with the Mel-
bourne g-matrix well reproduces the experimental data with
no adjustable parameter [23, 39, 40]. The effects of chiral 3NF
2are then introduced to the local Melbourne g-matrix by multi-
plying it by the ratio. With the simple prescription, we make
a qualitative discussion about the effects of chiral 3NF on
nucleus-nucleus scattering. We consider 16O-16O scattering at
70 MeV/nucleon and 12C-12C scattering at 85 MeV/nucleon,
since chiral EFT is good at lower incident energies (E).
We first investigate the effects of chiral NNLO 3NF on
symmetric nuclear matter through the U that corresponds to
the folding potential U(R) in nucleus-nucleus elastic scat-
tering, and calculate U(R) from the Melbourne interaction
with chiral-3NF corrections to analyze the effects on nucleus-
nucleus scattering.
BHF calculations. Following Ref. [18], we evaluate the
single-particle potential with the BHF method for positive en-
ergy E from chiral N3LO 2NF plus NNLO 3NF with the cut-
off energy Λ = 550 MeV [7, 9]. Here the chiral NNLO 3NF
V123 is reduced to an effective 2NF V12(3) with the mean-
field approximation, that is, by integrating the 3NF over the
third nucleon, and nuclear matter calculations are done from
the combination of N3LO 2NF V12 and V12(3) in the standard
manner.
The single-particle potential UST (kF, E) thus obtained de-
pends on E, total spin (S) and total isospin (T ) of two nucle-
ons and the Fermi momentum ~kF. The potential is related to
the g-matrix GST as
UST (kF, E) =
k
F∑
k′
〈kk′|GST
+
1
6
V ST12(3)(1 +
Q
E −H
GST )|kk′〉A,(1)
where ~k and ~k′ are momenta of correlated two nucle-
ons, the subscript | 〉
A
means the antisymmetrization be-
tween the correlated nucleons, and Q/(E − H) is the nu-
cleon propagator including the Pauli exclusion operator Q;
see Ref. [18] for detail. The momentum ~k is related to E as
E = (~k)2/(2m)+Re U for the nucleon massm. The poten-
tial UST is mainly determined from the first term GST on the
right hand side of Eq. (1). For example at the normal density,
the contribution of the first term is ten times as large as that
of the second term having V12(3). In the first term, only the
central part of the on-shell component of GST contributes to
the UST , but the tensor part of V12 and V12(3) affects the cen-
tral part significantly. The mean-field approximation taken is
good for the UST that is mainly determined from the on-shell
component of GST .
Results of BHF calculations. Figure 1 displays kF depen-
dence of UST (kF, E) at E = 70 MeV for each S-T channel.
The results of chiral 2NF (squares) are close to those of Bonn-
B 2NF (triangles) for all the channels except the 3O channel.
For the real part of UST in the 3O channel, the difference be-
tween the two results is not small particularly at high densi-
ties, but it little affects angular distributions of elastic cross
sections, since the magnitude itself is small there.
Comparing the results of chiral 2NF+3NF (circles) with
those of chiral 2NF (squares), one can see appreciable changes
for the real part of UST in the 1E channel and for the real
and imaginary parts in the triplet channels (3E and 3O). Chiral
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FIG. 1: (Color online) kF dependence of the single-particle poten-
tials at E = 70 MeV for (a) 1O, (b) 1E, (c) 3E, and (d) 3O chan-
nels. The circles, squares, and triangles stand for the results of chiral
2NF+3NF, chiral 2NF and Bonn-B 2NF, respectively. The closed
(open) symbols correspond to the real (imaginary) part of the single-
particle potentials. For 3O, the imaginary part is shifted down by 10
MeV.
3NF thus makes UST much less attractive for 1E. This effect
has been known to be caused by the suppression of transitions
to ∆ resonance due to Pauli blocking. For the triplet chan-
nels, the 3NF enhances tensor correlations, and thereby makes
UST much more attractive and absorptive for 3E and more ab-
sorptive but less attractive for 3O. As the net effect of all the
channels, the UST becomes much more absorptive because of
tensor correlations enhanced by chiral 3NF, and becomes less
attractive because of the suppression of transitions to ∆ res-
onance in 1E. The enhancement of tensor correlations due to
chiral 3NF is thus essential in addition to the repulsive nature
of chiral 3NF itself. In the region kF <∼ 1.1 fm
−1 correspond-
ing to ρ <∼ ρ0/2, chiral 3NF yields little effect. Such 3NF
effects on the UST directly reflect nucleus-nucleus scattering
through the folding potential U(R), as shown latter. This is
natural, because UST in nuclear matter plays the same role as
U(R) in nucleus-nucleus scattering.
The Melbourne group constructed the local g-matrix in-
teraction gST (s; kF, E) from Bonn-B 2NF and showed that
the interaction is quite practical and reliable for nucleon-
nucleus scattering [23], where s is the coordinate between
correlated nucleons. We then introduce 3NF corrections to
gST (s; kF, E) in the following manner, since the UST cal-
culated from Bonn-B 2NF well simulate the results of chiral
N3LO 2NF:
gST (s; kF, E)→ f
ST (kF, E)g
ST (s; kF, E) (2)
3with the factor fST (kF, E) defined by
fST (kF, E) = U
ST
(2NF+3NF)(kF, E)/U
ST
(2NF)(kF, E), (3)
where UST(2NF+3NF)(kF, E) and UST(2NF)(kF, E) stand for the
single-particle potentials with and without 3NF, respectively.
This prescription mainly takes account of the effects of the
on-shell component of chiral 3NF on the local Melbourne g-
matrix interaction.
Folding-model calculations. Now we consider nucleus-
nucleus scattering with the folding model. In the model, the
folding potential U(R) is obtained by folding gST (s; kF, E)
with projectile and target densities in the standard way [24,
29, 41–43], where the Fermi momentum ~kF is replaced by a
local Fermi momentum that is evaluated with the frozen den-
sity approximation. That is, kF is estimated from the sum of
projectile and target local densities at the middle point of inter-
acting nucleons. As the projectile and target proton densities,
we take the phenomenological ones determined from the elec-
tron scattering [44], applying proton finite-size corrections to
the densities with the standard manner [45]. The neutron den-
sities are assumed to be the same as the proton ones, which is
accurate enough for light nuclei.
Results of folding-model calculations. Figure 2 shows the
folding potential U(R) for 16O-16O elastic scattering at 70
MeV/nucleon. The solid (dashed) curve represents the result
with (without) 3NF corrections. The potential is mainly deter-
mined from the even-channel (1E and 3E) components, since
the odd-channel (1O and 3O) components are almost canceled
after the sum of the direct and exchange parts of U(R). For
the real part of U(R), chiral 3NF works as a repulsive force,
but it is weak because of the offset between the repulsive con-
tribution in 1E and the attractive one in 3E. For the imaginary
part, chiral 3NF makes U(R) strongly absorptive, since the
contribution works additively between 3E and 3O channels.
In the previous works of Refs. [27–30], the phenomenolog-
ical 3NFs work repulsively and less absorptively. For the real
part of U(R), the present result is consistent with the previous
ones qualitatively, although the repulsive effect is small in the
present work but large in the previous works. For the imagi-
nary part, meanwhile, chiral 3NF enhances the absorption of
U(R), in contrast to the opposite effect of phenomenological
3NFs. The difference comes from the fact that chiral 3NF en-
hances tensor correlations but the phenomenological 3NFs do
not.
Figure 3 shows differential cross sections for (a) 16O-16O
elastic scattering at 70 MeV/nucleon and (b) 12C-12C elastic
scattering at 85 MeV/nucleon as a function of scattering angle
θ in the center of mass system. The solid (dashed) curve cor-
responds to the result of Melbourne interaction with (without)
chiral-3NF corrections. Chiral 3NF reduces the cross sections
in middle and large angles (θ > 5◦) and hence improves the
agreement with the experimental data [46, 47]. Switching off
chiral-3NF effects for either the real or the imaginary part of
U(R), we find that the interference between the two effects is
important at the middle and large angles.
For the 16O-16O scattering, the result of chiral 2NF+3NF
slightly overestimates the experimental data. If the real part
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FIG. 2: (Color online) The folding potential for 16O-16O elastic scat-
tering at 70 MeV/nucleon. The real and imaginary parts of the poten-
tial are shown in the upper and lower panels, respectively. The solid
(dashed) curve represents the result with (without) 3NF effects.
of the potential is reduced by 10% and the imaginary part is
enhanced by 10%, the result can reproduce the data. Since the
correction is rather small, as an origin of the difference we can
consider higher-order corrections such as off-shell corrections
due to chiral 3NF and corrections for the mean-field approx-
imation. For the 12C-12C scattering, the diffraction pattern is
slightly shifted forward in the result of chiral 2NF+3NF com-
pared with the data. The difference may come from projectile
and/or target excitations, since the previous work of Ref. [48]
shows that the excitation effects slightly shift the diffraction
pattern backward. The higher-order corrections mentioned
above may be masked by the excitation effects. Further anal-
ysis along this line is quite interesting as a future work.
Total reaction cross sections σR are mainly determined
from the imaginary part of U(R). We then check whether
the present potential with 3NF corrections reproduces mea-
sured σR. Table I shows σR for 16O-16O scattering at 70
MeV/nucleon and 12C-12C scattering at 85 MeV/nucleon.
The experimental data are available for the 12C-12C scat-
tering, but not for the 16O-16O scattering. Chiral 3NF en-
hances σR only by a few percent, since the effects appear
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FIG. 3: (Color online) The differential cross sections of (a) 16O-
16O elastic scattering at 70 MeV/nucleon and (b) 12C-12C elastic
scattering at 85 MeV/nucleon as a function of the scattering angle in
the center of mass system. The solid (dashed) line corresponds to the
result of Melbourne interaction with (without) 3NF corrections. The
experimental data are taken from Refs. [46, 47].
only at small R where U(R) already has strong absorption.
The calculated result slightly overestimates the experimental
data [49], but it is not serious at all. The Melbourne g-matrix
interaction with 3NF corrections is thus reliable also for σR.
TABLE I: Total reaction cross sections for nucleus-nucleus scatter-
ing around 70 MeV/nucleon (in the unit of mb). The experimental
data is taken from Ref. [49].
system with 3NF w/o 3NF Exp. [49]
16O-16O@70MeV/nucleon 1423 1401 –
12C-12C@85MeV/nucleon 1025 989 998± 13
Summary. We have made a qualitative discussion about the
effects of chiral NNLO 3NF on nucleus-nucleus elastic scat-
tering, using the simple prescription of Eqs. (2) and (3). In this
prescription, on-shell corrections due to chiral 3NF are intro-
duced to the local Melbourne g-matrix interaction. It is to be
stressed that we have not introduced any ad hoc phenomeno-
logical adjustment.
For nuclear matter, chiral 3NF makes the single-particle po-
tentials less attractive for the 1E channel and more absorp-
tive for the triplet channels. The effects mainly comes from
the 2pi exchange process. For the triplet channels, the dia-
gram enhances tensor correlations and hence the absorption.
These 3NF corrections are incorporated in the folding poten-
tial for nucleus-nucleus scattering by modifying the local Mel-
bourne g-matrix interaction by the multiplicative factor pre-
scribed as Eqs. (2) and (3). The corrections make the fold-
ing potential less attractive and more absorptive. Since the
folding potential is mainly determined from the 1E- and 3E-
channel components, we can conclude that the repulsive cor-
rection to the folding potential comes from the suppression
of transitions to ∆ resonance and the absorptive correction is
originated in the enhancement of tensor correlations. The two
effects reduce differential elastic cross sections for both 16O-
16O scattering at 70 MeV/nucleon and 12C-12C scattering at
85 MeV/nucleon. Eventually, chiral 3NF improves the agree-
ment with the experimental data.
It is instructive to note the qualitative difference of the
present result from other similar studies in the literature. In
the previous works of Refs. [27–30], the phenomenological
3NFs make the folding potential U(R) less attractive and less
absorptive. The present result is consistent with the previous
ones qualitatively for the real part of U(R), although the re-
pulsive effect is small in the present work but large in the pre-
vious works. For the imaginary part, meanwhile, chiral 3NF
makes U(R) more absorptive, whereas the phenomenological
3NFs do U(R) less absorptive. The difference comes from
the fact that chiral 3NF enhances tensor correlations but the
phenomenological 3NFs do not.
The on-shell corrections due to chiral 3NF surely improve
the agreement with the experimental data on nucleus-nucleus
elastic scattering, but the agreement is not perfect. This may
come from higher-order corrections such as off-shell correc-
tions due to chiral 3NF and corrections for the mean-field ap-
proximation. Further analysis along this line toward deeper
microscopic understanding of nucleus-nucleus scattering is
quite interesting as a future work.
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